We investigate the electrical properties of silicon-on-insulator ͑SOI͒ photonic crystals as a function of both doping level and air filling factor. The resistance trends can be clearly explained by the presence of a depletion region around the sidewalls of the holes that is caused by band pinning at the surface. To understand the trade-off between the carrier transport and the optical losses due to free electrons in the doped SOI, we also measured the resonant modes of L3 photonic crystal nanocavities and found that surprisingly high doping levels, up to 10 18 / cm 3 , are acceptable for practical devices with Q factors as high as 4 ϫ 10 4 .
Two-dimensional photonic crystals ͑PhC͒ ͑Ref. 1͒ and cavities have been widely studied for many applications in quantum electrodynamics, 2 nonlinear enhancement, 3 and low threshold lasing. 4, 5 Carrier injection often plays a crucial role, for example, in modulators 6 and lasers. 7 However, despite its importance, only a few studies on carrier transport through a photonic crystal have been reported in literature. 8, 9 An accurate study is necessary to provide an understanding of the specific lattice design on the electrical behavior of a PhC electrical device. Another important issue is the tradeoff between the electrical properties, e.g., the resistance, and the optical properties of PhC, e.g., the cavity Q factor. In this letter, we address these problems for silicon, one of the most important platforms in use for optoelectronic devices.
To carry out this study, p + -p-p + like devices were fabricated on a SOITEC silicon-on-insulator ͑SOI͒ wafer ͑ ϳ 1-10 ⍀ cm, corresponding to a p-type doping level of ϳ1 ϫ 10 15 cm −3 ͒, with a 220 nm thick silicon layer on a 2 m thick buried oxide layer. Boron implantations were used for all doping steps, using a 400 kV HVEE Ion Implanter. Multiple B implantations, at different energies and doses, were performed to provide the background doping ͑the p region͒, thus allowing us to investigate a doping range spanning three orders of magnitude ͑between ϳ1 ϫ 10 15 and 1 ϫ 10 18 B / cm 3 ͒. Resistive contacts were formed on highly doped p + regions with a concentration of 1 ϫ 10 19 B / cm 3 . After implantation, a rapid thermal treatment at 1000°C for 30 s in N 2 was carried out in order to recover the damage and activate the dopant. 10 The PhC patterns were realized in the p region of the devices using electron beam lithography in a 400 nm layer of ZEP-520A ͑Zeon Chemicals͒. This pattern was transferred to the silicon layer by reactive ion etching with a SF 6 : CHF 3 =1:1 gas mixture, etching through the entire silicon layer.
Finally, aluminum contacts were deposited. The complete structure is shown in Fig. 1 .
We also etched isolating trenches around the device in order to avoid current leakage and to ensure that the electron flow is confined to the photonic crystal as the only possible conductive path. The photonic crystals occupy an area ϳ4.5 m long and ϳ100 m wide and the p + pads are separated by ϳ10 m. The geometrical filling factor of the photonic crystals f = ͑2 / ͱ 3͒ · ͑r / a͒ 2 was varied by changing the radius of the holes r and keeping the lattice parameter fixed at a = 400 nm.
As expected, the measured I-V curves are linear and symmetric ͑not shown͒. The measured resistance is given by the slope of the I-V curve and includes the resistance of the PhC, the unpatterned silicon, and the contacts ͑about 300 ⍀͒. Devices without photonic crystals were included for reference and the key data are presented in Fig a given filling factor, the resistance decreases by more than two orders of magnitude from the as-bought SOI ͑ϳ1 ϫ 10 15 B / cm 3 ͒ to the highest boron concentration ͑1 ϫ 10 18 B / cm 3 ͒, as a result of the decreasing resistivity. The resistance then increases dramatically with increasing f, as the volume of material available for conduction is reduced.
Naively, one would expect the curves to diverge ͑i.e., resistance going to infinity͒ when the holes touch one another ͑f Ϸ 90%͒ as the conduction path is pinched off at this point. This is clearly not the case, and the curves in Fig. 2 show that the point of divergence strongly depends on the background doping level. For low doping concentration ͑5 ϫ 10 16 B / cm 3 ͒ the resistance starts to increase for filling factors as small as f Ϸ 30%, while for a relatively high doping concentration ͑1 ϫ 10 18 B / cm 3 ͒ the resistance stays low until approximately f Ϸ 60%. This suggests that the effective electrical size of the holes is larger than their physical size and that it strongly depends on the doping concentration. We have matched the experimental data by adding an additional electrically isolated region of dimension ␦, whose value is also a function of doping. The data points have then been fitted by using a COMSOL ™ simulation for each doping density, shown as continuous lines in Fig. 2 A question arises on the physical meaning of ␦. In fact, dry etching is a severe physical process that introduces defects and deeply modifies the surface potential at the holes. These defects can pin the Fermi level position at the surface exactly in the middle of the gap, hence producing a depletion region ⌬ around the holes. This depletion region can be cal- are in good agreement, demonstrating that indeed the enlargement in the electrical size of the holes is produced by band pinning ͑similar agreement was found for the other doping levels͒. A depletion region also exists for the top surface of the SOI, but that surface has not been exposed to a dry etching process, so the band pinning effect there is much weaker. Note that a similar depletion region around etched holes has already been observed in indium phosphide 8 and gallium arsenide 9 photonic crystal devices. An interesting comparison can now be made with the electrical properties of a shallow etched region, as both photonic crystals and shallow etching can be used to confine light. Which one of the two methods is better from an electrical point of view has not yet been made clear. Therefore we have investigated the resistance of shallow trenches ͑etch depth= 135 nm, i.e., 85 nm remaining, and different lengths͒ typically used to define rib waveguide based ring resonators. 11 The values of ␦ were determined from the slope of a resistance-width plot, but ␦ now refers to the surface rather than the sidewall depletion layer. As shown in Fig. 3 , the resistance of a photonic crystal layer ͑f = 30%͒, is consistently lower than that of a shallow etched trench of the same length. This demonstrates both that the depletion layer needs to be considered for any type of electrically active nanophotonic device and that PhC are characterized by a lower resistance per length values.
It is clear from the electrical characterization that increasing doping concentration reduces the resistivity. A high doping level also increases the optical losses, however, so there is a clear trade-off between electrical and optical properties of doped devices. Therefore, in the second part of this letter, we explore the effect of doping on the cavity losses by measuring their Q factor. For each background doping level, we realized L3 nanocavities, with a lattice parameter of 420 nm and f Ϸ 28% that operate at wavelengths around 1.55 m. The cavities were realized as air-bridges ͑while the electrical characterization was done on-substrate͒ and the far-field pattern of the cavities was optimized as discussed in Ref. 12 , using hole enlargements of 0, +3 and +9 nm to improve the out-of-plane coupling efficiency. This hole enlargement ͑⌬rЉ = rЉ − r͒ is clearly visible in the SEM image shown in Fig. 4͑a͒ , in which a cavity is pictured in detail. The end holes at the sides of the cavities were reduced in radius by ͑rЈ − r͒ / a = 0.06 and shifted outwards by ⌬x / a = 0.16 to implement the gentle confinement effect, which allows the achievement of very high Q factors. 13 We measured the Q factors of the cavities using resonant scattering measurements. 14 The experimental points are shown in Fig.  4͑b͒ for four different doping levels as a function of the hole enlargement parameter ⌬rЉ and are compared with calculations using the guided-mode expansion ͑GME͒ method. 15 Each experimental point has been obtained by measuring five cavities for each sample; the error bars are also shown and are due to statistics. For boron concentrations up to 1 ϫ 10 17 B / cm 3 the Q factors are little effected by doping, and display the same trend as the theoretical curve, i.e., they drop steadily from the maximum value of 75k ͑theoretical value ϳ100k͒ with increasing the far-field optimization, i.e., the ⌬rЉ parameter. As the doping level is raised to 1 ϫ 10 18 B / cm 3 , a more pronounced reduction in the Q factor is observed for the cavity without far-field optimization ͑⌬rЉ =0 nm͒, which nevertheless keeps at the remarkable value of 40k. We also notice that for the case of ⌬rЉ = +9 nm, the Q factor ͑ϳ15k͒ does not change significantly even for the highest boron concentration. For this design, the coupling efficiency is approx 30% ͑Ref. 14͒ which means that the coupling loss is much higher than the absorption loss introduced by the doping.
In summary, we have characterized the effects of doping on the electrical and optical properties of silicon photonic crystals. We have clearly shown the effect of the surface depletion region around the etched holes, which is due to Fermi level pinning. We have also demonstrated that it is possible to have a more than two orders of magnitude improvement of the electrical conductivity of SOI, by relatively heavy ͑1 ϫ 10 18 B / cm 3 ͒ doping. Surprisingly, this reduces the experimentally measured unloaded Q of L3 PhC cavities by less than a factor of 2 and has an almost negligible effect on designs which exhibit high coupling efficiencies. We have thus provided useful guidelines for the design of electrically pumped photonic crystal devices. FIG. 4 . ͑Color online͒ ͑a͒ SEM image of a L3 cavity; the radius of the holes ͑r͒, the enlarged holes ͑rЉ͒ for far-field and the side holes ͑rЈ͒ for gentle confinement are evidenced. ͑b͒ Measured Q factor of L3 cavities as a function of the holes enlargement ⌬rЉ and different background doping levels. A GME calculation is also reported ͑dashed line͒.
